Spherical confinement can act either stabilizing or destabilizing on the collapsed state of a semiflexible polymer. General free-energy arguments suggest that the order of the unconstrained collapse transition is the distinguishing factor: First order implies stabilization, second order causes destabilization. We confirm this conjecture by Monte Carlo simulations of a coarse-grained model for semiflexible polymers whose chain stiffness tunes the transition order. The resulting physical picture is potentially relevant for other systems under strong confinement such as proteins and DNA.
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Confinement is an important element in nature's bag of tricks. Its utilization ranges from chaperone-mediated protein folding [1, 2] and subsequent modulation of amyloid formation [3, 4] , over DNA packing in a viral capsid and its translocation into a host cell [5] [6] [7] [8] [9] [10] [11] [12] , to entropic segregation [13] [14] [15] . Recent results include confinement-induced coexistence of coil and globule domains along a single DNA chain [16] . Moreover, the same trick may be exploited for practical applications, including confinement-induced miscibility in polymer blends [17] , enhanced dispersion in nanoparticlepolymer blend films [18] , filament growth in flexible confinement [19] , for nanodevices and their fabrication [20] [21] [22] , and (DNA) nanopore sequencing [23] . It is thus desirable to have a systematic approach to predict or even tailor the behavior of polymers under confinement.
Semiflexible polymers are a generic model class for a systematic study of the leading-order effect of confinement on structural properties and thermal responses in polymeric systems in general. For flexible selfavoiding polymers, theoretical scaling analyses of the free energy revealed that spherical confinement is qualitatively different from planar or cylindrical confinement [24] . This is confirmed by mean-field calculations for (semi)flexible polymers, predicting several scaling regimes of the confinement-induced change in free energy [25, 26] . For self-attracting theta polymers, a change in free energy leads to a change in the collapse transition temperature. Since confinement generically increases the free energy, it seems surprising that computer simulation of flexible polymers revealed a destabilizing shift in the collapse temperature [27, 28] , whereas simulations of semiflexible polymers revealed a stabilizing shift [27] . The latter is consistent with the trend in computational studies of proteins [29] [30] [31] [32] [33] , which can be considered as a special (complex) class of rather rigid semiflexible polymers. However, adding solvent may change the stabilizing nature of confinement in this case [34] .
In this Letter, we show that stabilization or destabilization of polymers, induced by a steric spherical confinement, is determined by the type of the free polymer collapse transition, being either first-or second-order. The relation to the stiffness of self-attracting semiflexible polymers, exhibiting a rich structural phase space [35] [36] [37] , is straightforward: For flexible polymers the collapse transition from an extended coil to a globule is known to be a continuous (second-order) transition, while for stiffer polymers the collapse (or folding) transition from rather stiff rods into bend linear strands, toroids, or hairpin structures, can be thought of as a discontinuous (firstorder) transition [37] . In order to obtain general results, we combine free-energy arguments in the limit of infinite chain length with numeric results for coarse-grained polymers representing biologically more realistic finite chains. Altogether, this allows us to identify the order of the freepolymer collapse transition as the distinguishing factor for the stabilization or destabilization upon strong confinement.
To get a deeper understanding of the basic mechanism, we neglect the chemical details of complex macromolecules and consider a generic semiflexible homopolymer model that describes an entire class of semiflexible theta polymers. The homopolymer is modeled as a linear chain of N monomers connected by stiff bonds of length σ. Non-bonded monomers interact via the 12-6 LennardJones potential
where r ij is the distance between two monomers, = 1 sets the temperature scale, and σ = 1 sets the length scale. This models self-avoidance and short-range attraction leading to a thermally driven collapse transition. In addition, semiflexibility is modeled by the worm-like chain motivated bending potential
where θ i is the angle between adjacent bonds and κ is the stiffness parameter. The polymer is confined to a steric sphere of radius R with non-elastic repulsion at the shell. Canonical equilibrium estimates are obtained from histogram reweighting [38] of replica-exchange Monte Carlo simulations [39] in the entire two-dimensional temperature-stiffness plane [36] .
Each parallel instance samples with the Boltzmann weight exp(−βE LJ − βκE bend ), where β = 1/k B T is the inverse temperature with Boltzmann constant k B , E LJ = 
In regular intervals replicas exchange their conformations according to the Boltzmann weights (see, e.g., Ref. [36] for details). We validated our data for the free case with estimates from parallelized multicanonical simulations [40] [41] [42] . In the scaling part, we restrict ourselves to the one-dimensional replica-exchange approach at fixed κ. A comprehensive overview is obtained for polymers of length N = 28, where we sampled the entire semiflexible range κ ∈ [0, 20] in the temperature interval T ∈ [0.1, 3.0] for sphere radii R ∈ {5, 6, 8, 10, 12, 15, 20}. To obtain the scaling exponents, we selected integer κ values and increased the number of sphere radii R ∈ [5, 120] until we obtained a clear result. We repeated this for shorter (N = 14) and longer (N = 42 and for κ = 0 also N = 64) chains. Error estimates are obtained with the Jackknife method [43] .
We begin the discussion of our results by commenting on the effect of stiffness on the equilibrium collapse transition of a free theta polymer. Figure 1 shows a measure of the polymer extension -the squared radius of gyration
2 /N , where r cm is the center of mass. The free case is shown as intense colored curves, where lines are high-resolution estimates from histogram reweighting and error bars are shown for some selected points. For rather flexible polymers, we observe the expected second-order transition: At high temperatures the polymer is in an extended conformation (random coil) and, upon temperature decrease, continuously contracts to a globular equilibrium state. In this regime the bending energy is a subleading contribution and the problem reduces to the competition of maximizing conformational entropy by polymer extension and energy minimization by forming a compact structure. In contrast, for stiffer polymers we observe a first-order transition: At high temperatures the polymer is again in an extended conformation (at infinite temperature again random coil). Upon temperature decrease, the polymer initially stiffens and extends further towards a stiff rod until a point where it suddenly folds into more compact conformations such as hairpins or multiple linear strands [35] [36] [37] . The sudden decrease hints towards a (finite-size) "phase coexistence", where the minimization of Lennard-Jones energy of compact states competes with the minimization of bending energy of relatively stiff rod-like chain strands.
The effect of confinement on the canonical estimates of R 2 g can be seen in Fig. 1 as opaque lines for the same polymer but in a steric sphere of small radius. This is here presented for N = 28 but is qualitatively similar for shorter (N = 14) and longer (N = 42) chains. The single polymer may no longer be fully extended and we observe a decrease in R 2 g at high temperatures for all stiffnesses. The effect increases with stiffness because the extension of the free polymer increases with stiffness. As one may expect, the low-temperature behavior is barely influenced by the confinement. Depending on the stiffness, the confinement leads to two different modifications of the collapse transition:
For the case of flexible polymers, the confinement results in a gradual decrease of the polymer extension along the high-temperature regime which extends over the transition itself. As a result, the maximal slope here shifts to lower temperatures. This is further elucidated for the fully flexible polymer in Fig. 2 (a) , showing that the peak of the thermal derivative of R 2 g shifts to lower temperatures with decreasing radius of the confining sphere.
The situation changes for more rigid polymers, where the spherical confinement strongly reduces the conformational entropy of only the high-temperature regime and forces the relatively stiff rods to exhibit a curvature that deviates from their free counterpart. This appears to be similar to the renormalization of persistence length known from steric disorder [44] . Figure 2 (b) shows the thermal derivative of R 2 g for a stiffer polymer, demonstrating that a decreasing confining sphere shifts the peak to higher temperatures. Notice that the lowertemperature peak already shows the next structural transition ("freezing"), which is only slightly influenced by the spherical confinement [28] .
The qualitative behavior is summarized for the entire range of semiflexibility in Fig. 3 . There is a general trend for flexible polymers to be destabilized by spherical confinement, i.e., the collapse transition temperature is reduced. For stiffer polymers, the transition temperature increases and the folded states are stabilized at higher temperatures. As for proteins, this may be accompanied by a change of the structural state, e.g., from hairpin to toroidal structures as shown in the figure. Similar structures have been observed recently for double-stranded DNA in confinement [16] , and as a result of DNA packing into viral capsids [5] [6] [7] [8] [9] 45] . We emphasize that the crossover from destabilization to stabilization (κ ≈ 6 for N = 28) indeed roughly coincides with the crossover from a second-order to a first-order collapse transition in the free semiflexible polymer [37] .
We now want to quantify our observations and provide general free-energy arguments from which one can deduce the direction and scaling form of the temperature shift from the type of free-polymer collapse transition. Let us begin with the first-order regime of stiffer polymers. At the transition, the collapsed regime is in coexistence with the extended regime. We can approximate this in a two-state model, where the system can only change between a structured state with free energy F s , and an unstructured state with free energy F u . Coexistence is then expressed in the relation e −βFs = e −βFu or 0 = βF u −βF s . The spherical confinement predominantly affects the unstructured regime, decreasing the available entropy (and even increasing the accessible energy) which increases the free energy
We consider the temperature-independent correction ansatz β∆F = aR −γ (a > 0) in the unstructured (high-temperature) regime. This ansatz is consistent with all regimes found for semiflexible polymers in spherical confinement [26] and it yields 0 = βF
We can estimate the (inverse) collapse temperature of the confined polymer, β c (R) = 1/k B T c (R), by a Taylor expansion around the free polymer collapse transition,
In general, thermodynamics implies that ∆E
where equality may occur for topological transitions [36] , in which case a higher-order expansion of (3) would be necessary. For the collapse transition of semiflexible polymers ∆E ∞ > 0 and we obtain a positive temperature shift
The exponent depends on the free-energy excess that for semiflexible polymers shows several regimes [26] , some of which are consistent with previous results for proteins where γ ≈ 2 − 3 [30] . Figure 4 shows that fits of Eq. (5) to our data for N = {14, 28, 42} indeed yield a stabilizing shift (blue symbols) in the high-κ regime where γ is slightly increasing with κ in the range γ ≈ 1 − 2.
Let us now turn to the second-order regime of flexible polymers. For a continuous transition, the confinement gradually increases the free energy at all temperatures, while the effect is of course higher at larger temperatures. A natural ansatz is to quantify the free-energy increase in terms of the dimensionless ratio of polymer extension and confinement size β∆F ∼ (N ν /R) x , where ν is the Flory exponent with ν ≈ 3/5 (β < β c ), ν = ν c = 1/2 (β = β c ), and ν = 1/3 (β > β c ) in three dimensions. The ratio has to be extensive, i.e., for N → aN we expect F → aF , while R → a 1/d R. It directly follows for flexible polymers in d dimensions that [25] 
.
In order to identify the confinement-induced shift of the collapse transition, we recall that for polymers of finite length the transition point is signaled by a shoulder in the specific heat
∂β 2 (β∆F ) [47] . The obvious temperature-dependent contribution to (6) is the step function ν(β), which for finite chains is rounded such that a linear expansion around the critical point yields ν(β) ≈ ν c − c(β − β c ) with c positive.
We thus find that the confinementinduced change in specific heat scales as
This change is always negative and in the limit R → ∞ goes to zero because R grows faster than ln R. Moreover, the change vanishes for β > β c where ν → 1/3 and is strongest for β < β c where ν ≈ 3/5. Consequently, with decreasing R the shoulder in the specific heat moves to larger β (smaller T ) which destabilizes the collapse transition.
In the low-κ regime of rather flexible polymers, our numerical results cannot be described by a single power-law scaling in R, see the inset of Fig. 4 for a typical example. For large R, the confinement initially weakly stabilizes the collapse transition, while destabilization eventually happens for smaller R. With decreasing κ, the crossover radius increases and the size of the temperature shift decreases. Similar observations have been reported for polymers in slitlike confinement, where narrow slits increase the surface free energy of the globular state because more monomers are exposed to the surface [48] . For the present case, we thus make the extended ansatz
Indeed, the dominant shift in the low-κ regime is destabilizing (a 2 a 1 ) with γ 2 ≈ 4 (Fig. 4 , red symbols) in agreement with our predictions. For the special case of flexible polymers (κ = 0), we find for small N a purely destabilizing effect (a 1 ≈ 0) with γ 2 = 1.95 (5) (N = 14), while for larger N again a combination of initial stabilization followed by a clear destabilization with γ 2 = 3.83 (8) (N = 28) , γ 2 = 4.0(2) (N = 42), and γ 2 = 3.9(5) (N = 64). This is surprisingly consistent with the exponent of the confinement free-energy change, i.e., γ 2 ≈ d/(dν − 1) ≈ 15/4 = 3.75 (cf. Eq. (6)) of a flexible polymer [25, 28] . It is remarkable that the subdominant stabilization exponent (gray symbols) seems to extend the increasing trend of γ(κ) in the high-κ regime, which is an interesting starting point for future investigation.
In summary, we have shown both stabilizing and destabilizing effects of spherical confinement on the entire class of generic semiflexible polymers. We highlight that using free-energy arguments we have identified the type of the free-polymer collapse transition as the distinguishing factor that governs the stabilizing (for first-order collapse) and destabilizing (for second-order collapse) response on spherical confinement. The type of transition in turn can be tuned in our generic model from second-to first-order by increasing the chain stiffness [37] . Our result relies on general free-energy arguments and should thus stay valid also for more complex polymers, proteins, and DNA. In fact, recent results on a special type of flexible polymers with a first-order collapse transition show a stabilizing shift in slitlike confinement [49] .
Our results thus provide a simple explanation for the diverse results in the context of polymer collapse and protein folding upon confinement and it would be worthwile to reassess the so far considered models in the presented framework. Moreover, our framework may serve as a guide to predict stabilization or destabilization induced by spherical confinement by studying whether the transition of a free macromolecule is first-or secondorder. In fact, tailoring the transition behavior, e.g., by DNA origami [50] or by designing protein structures [51] , should allow one to attain specific behavior under confinement. This may find application in targeted drug release or functionalization of macromolecules in specific confining environments.
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